OBJect The incidence of temporal lobe epilepsy (TLE) due to mesial temporal sclerosis (MTS) can be high in developing countries. Current diagnosis of MTS relies on structural MRI, which is generally unavailable in developing world settings. Given widespread effects on temporal lobe structure beyond hippocampal atrophy in TLE, the authors propose that CT volumetric analysis can be used in patient selection to help predict outcomes following resection. MetHODS Ten pediatric patients received preoperative CT scans and temporal resections at the CURE Children's Hospital of Uganda. Engel classification of seizure control was determined 12 months postoperatively. Temporal lobe volumes were measured from CT and from normative MR images using the Cavalieri method. Whole brain and fluid volumes were measured using particle filter segmentation. Linear discrimination analysis (LDA) was used to classify seizure outcome by temporal lobe volumes and normalized brain volume. reSUltS Epilepsy patients showed normal to small brain volumes and small temporal lobes bilaterally. A multivariate measure of the volume of each temporal lobe separated patients who were seizure free (Engel Class IA) from those with incomplete seizure control (Engel Class IB/IIB) with LDA (p < 0.01). Temporal lobe volumes also separate normal subjects, patients with Engel Class IA outcomes, and patients with Class IB/IIB outcomes (p < 0.01). Additionally, the authors demonstrated that age-normalized whole brain volume, in combination with temporal lobe volumes, may further improve outcome prediction (p < 0.01). cONclUSiONS This study shows strong evidence that temporal lobe and brain volume can be predictive of seizure outcome following temporal lobe resection, and that volumetric CT analysis of the temporal lobe may be feasible in lieu of structural MRI when the latter is unavailable. Furthermore, since the authors' methods are modality independent, these findings suggest that temporal lobe and normative brain volumes may further be useful in the selection of patients for temporal lobe resection when structural MRI is available.
T he incidence of temporal lobe epilepsy (TLE) due to mesial temporal sclerosis (MTS) is high in malaria-prone regions of the developing world. 3, 29, 30 This is presumably related to damage to the brain from the high incidence of febrile illness in children, especially from the high prevalence of cerebral malaria. 6, 40 Estimates suggest that more than 80% of patients with epilepsy live in developing countries, such as within Sub-Saharan Africa. 20, 30 In industrialized countries, the diagnosis of MTS is performed by using MRI to image the signal changes and reduction in volume of the sclerotic mesial temporal lobe. When concordant with semiology and encephalography (EEG) findings, this has high prognostic value for resection of the deep temporal structures having significant benefit in reducing seizures and improving quality of life. 4, 14, 16, 23, 31, 34, 35, 39 However, most developing countries have limited or no access to MRI. Furthermore, there is no literature suggesting the use of CT as a prognostic indicator for resection.
Evidence from structural MRI suggests that CT could be used as an indicator of hippocampal atrophy. Lee et al. found that the whole temporal lobe, not just the hippocampus, is small in TLE. 17 Moran et al. observed a correlation between the degree of atrophy of extra-hippocampal temporal lobe structures with the atrophy of the hippocampus itself. 22 They reported a 13% volume loss for the whole temporal lobe on the ipsilateral side, while the temporal lobe of the contralateral side trended toward subnormality. Finally, McMillan et al. found that gray matter and white matter are affected bilaterally in the brain due to TLE. 21 Given the widespread impact on extra-hippocampal temporal lobe and brain beyond the temporal lobe associated with TLE, we propose that volumetric analysis of CT could be used in patient selection, as an adjunct to EEG, semiology, and neurocognitive assessment, to predict favorable outcomes following resection.
In this third of the 3 companion papers, 18, 19 we report the measurement of temporal lobe and total brain volumes in 10 pediatric patients treated with temporal lobe resection for TLE at the CURE Children's Hospital of Uganda (CCHU) and previously reported. 3 We then used linear discrimination analysis (LDA) to classify seizure outcome by temporal lobe volumes and normalized total brain volumes.
Methods epilepsy Patients
A retrospective review of the epilepsy database of the CCHU from 2005 to 2008 was conducted. Institutional review board (IRB) approvals were obtained from CCHU and Penn State. At CCHU, 49 epileptic patients had previously been evaluated with careful histories and physical examination, a modified Edinburgh handedness scale, and long-term video EEG. 3 Ten patients with pharmacologically intractable epilepsy (defined as persistent seizures at a rate of more than 1 seizure/month after failure of 2 available anticonvulsants) were offered temporal lobe resection (cortico-amygdalo-hippocampectomy [CAH]). Preoperative CT scans were performed on site at CCHU using a Siemens Spiral CT to rule out mass lesions or other secondary causes of TLE.
At present there is no validated neuropyschological testing for the languages and culture encountered in East Africa, which is a broader problem for formal neuropsychiatric testing in many regions of the developing world. A modified Mini-Mental State Examination (MMSE) 13 was therefore administered before surgery, and at 6 and 12 months postsurgery. 3 The modifications to the MMSE accounted for cultural norms, language differences, and illiteracy. The MMSE includes simple language and memory testing but is not a full neuropsychiatric evaluation. It is sensitive to the presence of serious cognitive disorders. Normal scores (out of 30) are 27.6 ± 1.7 (range 24-30).
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Retest reliability (1 or 2 testers) indicates that less than 5-point discrepancies can be seen in stable patients. 13 Future validation with formal neuropsychological measures in regions of the developing world will be important to obtain as efforts toward comprehensive epilepsy care expand beyond the borders of the industrialized countries.
All 10 patients underwent resection (CAH) and received standard postoperative care, including inpatient observation at CCHU in the immediate postoperative period and close outpatient follow-up. Postoperative histological analysis confirmed MTS in each case. Seizure occurrence and characteristics were recorded throughout the followup period of at least 12 months, postoperative CT was performed, and seizure control at last follow-up was classified with the Engel classification.
9
CT images were de-identified and labeled with alphanumeric coding with oversight from protocols approved by the IRBs of both Penn State University and CCHU. The de-identified images in DICOM format were then transferred from the CCHU to 3 evaluators (K.L.H., J.G.M., and S.J.S.) for analysis. Preoperative volumes were calculated by investigators blinded for the side of resection.
Normal Subjects
T2-weighted brain MRI data sets were acquired from the NIH Pediatric MRI Data Repository provided by the Montreal Neurological Institute. 1, 37 Normative brain parenchymal volumes (including cerebral hemispheres, cerebellum, and brainstem) and intra-brain fluid volumes (including ventricular fluid and fluid contained within the boundary of the brain parenchyma) were calculated previously from 42 data sets from patients ranging from birth to 18 years of age. 19 In this present study, normative right and left temporal lobe volumes were further calculated using data sets from 3 males and 3 females at 6, 10, 14, and 18 years for a total of 24 additional data sets. Although this is the first database of normal developmental brain anatomy available, it is from a North American population, which may not reflect the population and environmental conditions of this East African population studied here.
temporal lobe Volume analysis
Temporal lobe volumetric analysis of CT and MRI images was conducted using the Cavalieri method (Stereo Investigator, MicroBrightField) on images with slice thickness of 2 mm. A randomly aligned grid with an in-termarker distance of 2 mm was overlain on the CT and MR images (Fig. 1A and B) . Markers within the region of interest were assigned to the right or left temporal lobe or temporal horn of the lateral ventricle (Fig. 1) . The Cavalieri method allows for efficient systematic sampling to create both accurate and unbiased volumetric analysis. 15 The inferior margin of the temporal lobe on both MR and CT images was indicated by the first presence of the cerebrum identified in the middle cranial fossa, and the superior border was the level where the sylvian fissure no longer delineated the anterior border of the temporal lobe. Two sets of volumes were calculated for CT images using different landmarks for the posterior margin of the temporal lobe. In the first series, the tentorium cerebelli was used to demarcate the posterior aspect of the temporal lobe, and in images where it was not visible, the posterior border of the collicular plate was used as the posterior margin. In the second series, the floor of the fourth ventricle and the posterior margin of the collicular plate were used as the posterior aspect of the temporal lobe in all images ( Fig. 1D and E, Series 1 and 2, respectively). The collicular plate was used as a landmark for both series because of its radiographic correlation with the posterior limit of resection of the medial temporal lobe structures in a typical CAH. In practice, we found that the floor of the fourth ventricle and collicular plate proved to be more reliable landmarks to identify on both CT and MRI images. In addition, we found no statistically significant difference comparing volumetric results from these two series. In the analysis that follows, we report only the results using the floor of the fourth ventricle and collicular plate as the posterior temporal lobe margin. To reduce additional measurement error from head tilt within the CT scanner, we required that 2 sequential images show the presence of the optic lenses bilaterally (Fig.  1C) . We performed preliminary analysis requiring 2 mm, 4 mm, or 6 mm of optic lens to be present in the vertical direction. We found that robust results could be shown with the requirement of at least 2 mm of lens overlap in the vertical plane, which led to only 1 patient requiring exclusion for head tilt from ipsilateral and contralateral temporal lobe comparisons. In future prospective studies, attention to such alignment details will be important if, rather than whole brain, the volume of homologous structures are to be measured and compared as suggested by our findings.
Brain and Fluid Volume analysis
Brain and intra-brain fluid volumes were calculated for the normal subjects using a particle filter image segmentation algorithm for MRI. 19 This same technique for brain and intra-brain fluid volume was used on the CT scans from the Ugandan epilepsy patients. Briefly, this method starts with a pixel classification step to create probability maps of brain and fluid for each slice. Using the probability maps and a user-selected seed point, a particle filter is then used to extract the brain by automatically tracking the outer edge of the brain. Finally, the initial probability maps of brain and fluid are used to segment the extracted brain into brain and intra-brain fluid.
Data analysis
Linear discrimination analysis (LDA) was originally developed as a method to classify data that had more than 1 measurement (multivariate) and that came from more than 1 group of items. 11 LDA calculates the optimal way of combining measurement variables in a linear combination to optimally separate and classify each group. By classification, we mean the ability to separate outcomes into groups. We have refined this method to take into account modern numerical computer algorithms. 33 Seizure outcomes are stratified using the Engel classification, 9 and optimal seizure control is defined as IA, completely free of seizures following surgery. Less optimal results are less adequate even in the presence of significant seizure improvement. 29, 36 Additionally, in a setting with limited resources without MRI to verify the presence of MTS on the side of resection, CAH outcomes with complete seizure freedom are our strongest quality control with validation of diagnosis and localization.
LDA was used to test the hypothesis that preoperative temporal lobe volumes and age-normalized brain volumes are able to classify postoperative outcomes. Because our patient population included those with both right-and leftsided TLE, we used LDA to compare the volume of the temporal lobe removed (ipsilateral to the seizure focus) to the volume of the temporal lobe to be left in place (contralateral to the seizure focus). Four separate analyses were performed using temporal lobe volumes. The first analysis tested the classification of Engel Class IA patients versus Engel Class IB/IIA/IIB patients. The second analysis compared normal subjects and Engel Class IA patients versus Engel Class IB/IIA/IIB patients. The third analysis was a 3-way discrimination to compare normal subjects, Engel Class IA patients, and Engel Class IB/IIA/IIB patients. Finally, we use a 3-way discrimination of the above groups classified by normalized brain volume, contralateral temporal lobe volume, and pathological temporal lobe volume.
The Wilks test statistic, W, was used to test for the significance of the classification. 12 This likelihood ratio tests the null hypothesis, H 0 , that each group mean, µ k , is equal
The Wilks statistic is also used to test random combinations of regrouped data with a bootstrapping method. 8, 12, 33 The bootstrap method tests whether the grouping defined prior to the LDA is unlikely to have occurred by chance. The W statistic for each permutation of the data are compared with the W statistic for the originally classified data. The bootstrap probability, P b , is the probability that the original classification would occur randomly and is given by 1 1
where N less is the number of groupings with a W statistic less than or equal to the original W statistic, and N perm is the number of permutations. This calculation includes the original grouping as one of the permutations in addition to those performed in the bootstrapping, thus 1 is added to N less and N perm in equation 2.
results
Nine preoperative noncontrast and 1 preoperative contrast-enhanced CT scans were obtained for analysis from CCHU. The presence of contrast made the boundaries of the temporal lobe easier to identify in some regions, but this was not essential for selection of landmarks. The patient group included 10 patients (7 female and 3 male). Eight patients had left-sided temporal lobe epilepsy (TLE) and 2 had right-sided TLE. Age at the time of surgery ranged from 13 to 21 years. The Engel classification of seizure control at last follow-up is recorded in Table 1 . Total brain and intra-brain fluid volume was calculated for the 7 patients whose CT study was from skull base to vertex.
Of the 10 patients who underwent surgery, there were 7 whose MMSE scores were stable or increased at the 6-and 12-month follow-up assessment, and 3 whose scores decreased ( Table 1 ). The patients whose retest scores differed by at least 4 points included 2 whose scores improved (Cases 5 and 8), and 2 whose scores declined (Cases 7 and 9). One of the patients whose MMSE score decreased was in the Engel Class IA outcome group, but this decrease in score was not seen on the 6-month, but rather the 12-month follow-up examination (noted in Boling et al.
temporal lobe and temporal Horn Volumes
Average values were calculated for temporal lobe and temporal horn CSF volumes for the 10 epilepsy patients. The mean volumes for the right temporal lobe, left temporal lobe, right temporal horn CSF, and left temporal horn CSF were 36.8, 35.3, 0.28, and 0.19 cm 3 , respectively.
temporal lobe Volumes comparison
Temporal lobe volume asymmetry in patients with right and left TLE was compared directly, independent of patient age. In patients with right TLE, the right versus left temporal lobe volume ratio was 0.94. In patients with left TLE, the left versus right temporal lobe volume ratio was 1.05. These values are not significantly different from the normal right versus left temporal lobe volume ratio of 1.03 (p = 0.30) and the normal left versus right ratio of 0.99 (p = 0.36). This ratio was not a predictor of the clinically determined side of seizure focus.
temporal Horn Volume comparison
Enlarged temporal horn size was previously noted as a potentially localizing sign on pneumoencephalography in patients with TLE. 28 In the present study, we compared temporal horn volumetric asymmetry in patients with right and left TLE directly, independent of patient age. In patients with right TLE, the right versus left temporal horn ratio was 2.5. In patients with left TLE, the left versus right temporal horn volume was 0.76. Again, these values are not substantially different from the normal right versus left temporal horn ratio of 1.61 (p = 0.23) and left versus right temporal horn ratio of 0.79 (p = 0.88). This ratio was not a predictor of the clinically determined side of seizure focus.
ratio comparison
A ratio comparison of the temporal horn ventricular volume to the temporal lobe volume was calculated for left and right sides in patients with left TLE and right TLE to evaluate the degree of volumetric asymmetry. This was not a predictor of the clinically determined side of seizure focus.
Volumetric analysis
Normative growth curves of brain volume were calculated previously 19 using T2-weighted brain MRI data sets from the National Institutes of Health (NIH) Pediatric MRI Data Repository provided by the Montreal Neurological Institute. 1, 37 The whole brain volumes of 7 of the TLE patients from Uganda are plotted with the normative curve in Fig. 2 . Note that the normative curve was calculated for North American child development, which may differ from normative growth of the rural Ugandan child. The male Ugandan epilepsy patients show normalto-small brain volumes. One of the female patients had a brain volume on the high end of normal, while brain volumes in the rest were normal to small compared with the control population.
Volumes of right and left temporal lobes for North American control subjects and Ugandan epilepsy patients are shown in Fig. 3 . Right (squares) and left (triangles) temporal lobe volumes of epilepsy patients (solid shapes) are smaller than the control at each age comparison. Note that seizure-free patients (Engel IA, green) had contralateral (right TLE patients outlined in black) temporal lobes that were either close to normal volume or were substantially larger than the ipsilateral resected temporal lobes.
Normative ratios of right temporal lobe to left temporal lobe volumes for male, female, and combined are shown in Table 2 for ages 6, 10, 14, and 18 years. The ratios of the temporal lobe volumes of the remaining temporal lobe to the resected temporal lobe are shown in Fig. 4 . In 3 of 4 patients with Engel IA outcome, this ratio is larger than in the control group for that age. In all of the patients with Engel IB and IIB outcomes, this ratio ranges from normal to small in comparison with the control values. The optimal discrimination line, comparing IA to IB and IIB cases, is shown as the dashed line. After obtaining these normative data ratios, we sought to improve our classification based on lobar volumes by employing a multivariate classifier, employing both the volume of the lobe to be removed and the volume of the lobe to be retained. We hypothesized that even when the lobes are both affected by the process that caused epilepsy, the degree of excess shrinkage and asymmetry in the candidate resection lobe would correlate more directly with seizure outcome.
LDA was used to separate the seizure-free group (Engel IA) from groups with less adequate outcomes (Engel IB and IIB) . This made the case outcomes significantly discriminable (W = 0.29, p < 0.01), as can be seen in Fig.  5 . The bootstrap probability demonstrates a 2.8% chance that this classification of data was obtained by chance. Note that the discrimination plot in Fig. 5 demonstrates that the volume of the lobe to be retained contains the most substantial amount of the clinically predictive information. Small size of the lobe to be retained indicates potential pathology in this lobe, and likely elsewhere in the brain, in an epileptic patient. Such pathological evidence outside of the resection site should correlate with nonseizure-free outcomes. LDA was also performed after control subjects were grouped with the Engel IA patients. The data were also discriminable in this way (W = 0.46, p < 0.01), with a highly significant bootstrap probability (p < 0.001, Fig. 6 ). A 3-way analysis to separate patients with Engel IA outcomes, those with Engel IB/IIB outcomes, and normal subjects was also highly discriminable (W = 0.29, p < 0.01), with a bootstrap probability of 0.1% that this classification was obtained by chance (Fig. 7) . To further test the integrity of our findings, we subjected these results to a leave-one-out analysis, eliminating each individual's data in turn when training the discriminator, and testing whether that individual's classification would be correct.
12,33 Such cross-validation revealed an 18.2% error rate for classification of individuals, consistent with the significant population-based Wilks and bootstrap results. Finally, we show a 3-way discrimination comparing the above groups, classifying results by a combination of normalized total brain volume, contralateral temporal lobe volume, and pathological temporal lobe volume (Fig. 8) . This analysis is also highly discriminable (W = 0.23, p < 0.01), with a bootstrap probability of 0.3% that the results were obtained by chance. It should be noted that only 4 patients with an Engel Class IA outcome and 2 patients with Class IB/IIB outcome had CT scans covering the entire brain while satisfying the head tilt requirement. Therefore, these were the only patients who could be included in these latter results (and a leave-one-out analysis would not be feasible). Because this analysis classifies the data with 3 measurements instead of 2, we plotted the results in 2D space using the canonical linear discriminants z 1 and z 2 . These are optimal linear combinations of the original 3 variables.
Discussion
Mesial temporal sclerosis (MTS) is the most common form of temporal lobe epilepsy (TLE) and partial epilepsy, 2, 4, 25, 34 and it is also the most frequent indication for surgery in adults with TLE. 2, 4, 5, 10, 28, 34, 38, 39 Diagnosis of MTS requires structural MRI and has high prognostic value for predicting whether a temporal lobe resection will reduce seizures and improve quality of life. 4, 13, 16, 23, 31, 34, 35, 39 However, many areas of the world with the highest prevalence of TLE 3, 30 have no or limited access to MRI. With the increased number of surgical epilepsy programs with access to CT in the developing world, 3, 7, 24, 26 it is important to be able to use CT as a tool to aid in patient selection and evaluation for surgery. 18, 19 In this study, we present data suggesting that temporal lobe and brain volumes measured on CT scans might be useful to discriminate seizure outcome following temporal lobe resection. Figure 3 shows a comparison of temporal lobe volumes by age. Those patients who maintained a seizure-free outcome had retained temporal lobes that were either substantially larger than the resected temporal lobe or close to normal in size. Those who had IB and IIB outcomes all had small retained temporal lobe volumes, regardless of the volume of the resected side. Nevertheless, a univariate analysis of the ratio of temporal lobe volumes alone was not sufficient to predict seizure outcome (Fig. 4) .
A multivariate measure taking each lobe independently into account was necessary to demonstrate significant discrimination to predict seizure outcome (Figs. 5-7) . We show discrimination of seizure outcome alone (Fig. 5) and also included normal subjects (Fig. 6 ). Figure 7 shows that by measuring each lobe individually, it is not only possible to discriminate seizure outcome, but it is also possible to discriminate normal subjects from those with TLE. These results are consistent with previous work that found that TLE leads to a reduction of the entire temporal lobe volume on both the ipsilateral and contralateral sides of the seizure focus. 17, 22 Our findings are also consistent with clinical judgment that outcomes are best when the lobe to be resected is substantially atrophied and the lobe to be retained is normal. Therefore, our findings regarding whole lobe and brain volumes may be applicable not only to CT images in developing countries but also for surgery evaluation with MRI in the industrialized world. Figure 8 discriminates normal, Class IA outcome, and Class IB/IIB outcomes by normalized total brain volume, contralateral temporal lobe volume, and pathological temporal lobe volume. This plot shows that including total brain volume in addition to temporal lobe volumes gives a strong predictor of seizure outcome. We see that in Fig.  2 , a smaller brain tends to lead to a poorer outcome. Additionally, of the patients with Class IA outcome, the patient with the smallest brain volume had the largest contralateral temporal lobe. Also, the only patient with a Class IA outcome who had a larger pathological temporal lobe than contralateral lobe also had the largest brain volume. Although the numbers in this study are small, brain volume appeared to be clearly of significance in clinical outcome in these patients. Measuring total brain volume along with temporal lobe volumes is a logical independent measure to use in predicting seizure outcome. These results show promising inference toward using these measurements in future studies. Although this study was focused on seizure outcomes, the MMSE results demonstrated stable or improved scores in 8 of 10 patients. A study using more sophisticated neuropsychological assessment focusing on language and memory function is needed to further characterize the correlations of volumetric assessment with cognitive function in temporal lobectomy.
We expect that temporal lobe and brain asymmetry, as illustrated in Fig. 9 , are critical in the evaluation of TLE. Previous reports show that it is possible to have unilateral or bilateral damage to the temporal lobes, as well as unilateral or bilateral damage to the cerebral hemispheres with unilateral TLE. 17, 21, 22 It is important to understand the brain volumes in this study within this context. Patients with substantial damage confined to the temporal lobe on one side only should fare best following surgery (Fig. 9B) . Indeed, patients with a contralateral temporal lobe that was substantially larger than the ipsilateral temporal lobe tended to be seizure free. Bilateral temporal lobe atrophy, regardless of cerebral hemisphere involvement ( Fig. 9C and E), is less likely to predict a good outcome of temporal lobe resection due to the increased possibility of a contralateral ictal source in a retained damaged temporal lobe. If we measure temporal lobe volumes in TLE as a univariate ratio, the conditions shown in panels A, C and E of Fig. 9 will all yield similar ratios. We see that such ratios in Fig.  4 do not discriminate outcome well. However, as shown in Fig. 7 , when we measure absolute temporal lobe volumes individually, we can discriminate the normal subjects represented in Fig. 9 (Fig. 9A ) from patients with a unilateral atrophy ( Fig. 9B and D) and patients with bilateral atrophy ( Fig. 9C and E) . Additionally, our data suggest that total normalized brain volume may play an important role in seizure outcome, enabling us to detect patterns, as in Fig. 9D and E. In future work, we suggest that with larger numbers of patients it would be helpful to measure cerebral hemisphere asymmetry in addition to temporal lobe asymmetry to better explore the impact of brain volume on seizure outcome.
conclusions
In this retrospective analysis, we show evidence that temporal lobe volumes as measured by CT or MRI can be predictive of seizure outcome following temporal lobe resection in patients with TLE. We suggest the feasibility of substituting hippocampal atrophy as measured on MRI with volumetric analysis of the temporal lobe and brain using CT when MRI is not available. Furthermore, since our methods are modality independent, temporal lobe and brain volumes may be useful in our selection of patients for temporal lobe resection when structural MRI is available. Determination of normative data on temporal lobe volumes and asymmetry, as well as evaluation of the predictive value of temporal lobe volumes in addition to total brain volume, await further study in a larger population.
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